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We present results for the spectrum of a strongly interacting SU(3) gauge theory with Nf = 8 light
fermions in the fundamental representation. Carrying out non-perturbative lattice calculations at
the lightest masses and largest volumes considered to date, we confirm the existence of a remarkably
light singlet scalar particle. We explore the rich resonance spectrum of the 8-flavor theory in the
context of the search for new physics beyond the standard model at the Large Hadron Collider
(LHC). Connecting our results to models of dynamical electroweak symmetry breaking, we estimate
the vector resonance mass to be about 2 TeV with a width of roughly 450 GeV, and predict additional
resonances with masses below ∼3 TeV.
PACS numbers: 11.15.Ha, 11.30.Qc, 12.60.Nz, 12.60.Rc
Introduction: Electroweak symmetry breaking
through new strong dynamics provides a potential mech-
anism to produce a composite scalar particle consistent
with the Higgs boson discovered at the LHC [1, 2]. Non-
perturbative lattice calculations are a crucial tool to
study relevant strongly interacting gauge theories, which
must differ qualitatively from quantum chromodynam-
ics (QCD) in order to remain phenomenologically viable.
In recent years lattice investigations have begun to ex-
plore novel near-conformal strong dynamics that emerge
upon enlarging the light fermion content of such sys-
tems. Of particular significance is increasing evidence
from this work [3–9] that such near-conformal dynamics
might generically give rise to scalar (0++) Higgs candi-
dates far lighter than the analogous f0 meson of QCD.
(See also the recent review [10] and references therein.)
A straightforward way to enlarge the fermion content is
to increase the number Nf of light fermions transform-
ing under the fundamental representation of the gauge
group SU(3). Previous lattice studies have identified the
case of Nf = 8 as a system that exhibits several fea-
tures quite distinct from QCD, which make it a partic-
ularly interesting representative of the broader class of
near-conformal gauge theories. These features include
slow running of the gauge coupling (a small β func-
tion) [11, 12], a reduced electroweak S parameter [13], a
slowly evolving mass anomalous dimension γm [14], and
changes to the composite spectrum including a light 0++
scalar [4, 13, 15, 16]. Although Refs. [17–19] even argue
that the 8-flavor theory may flow to a chirally symmetric
IR fixed point in the massless chiral limit, we support
the conventional wisdom that chiral symmetry appears
to break spontaneously for Nf = 8 [10–13, 15, 20]. The
8-flavor theory continues to be investigated by several lat-
tice groups in order to learn more about its low-energy
dynamics and relate it to phenomenological model build-
ing.
Here we summarize the main results from our lattice
calculations of the spectrum of the 8-flavor theory, high-
lighting the growing evidence for a light singlet scalar
0++ state. We also determine the vector (1−−) and
axial-vector (1++) masses and decay constants and an-
alyze other aspects of the rich composite spectrum of
the theory, which are of phenomenological importance
in the context of searches for new resonances at the
LHC [21, 22]. When the 8-flavor theory is responsible
for electroweak symmetry breaking in models with chi-
ral electroweak couplings assigned to only one doublet
(ND = 1), we estimate that the vector meson has a physi-
cal mass of about 2 TeV and a width of roughly 450 GeV.
In the context of new strong dynamics beyond the stan-
dard model, it is important for lattice calculations to be
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2FIG. 1. The spectrum of the Nf = 8 theory, including the
pseudoscalar (pi), singlet scalar (0++), vector (ρ), axial-vector
(a1) and nucleon (N), vs. the input fermion mass am. The
error bars, sometimes smaller than the symbols, are explained
in the text.
carried out using the lightest accessible fermion masses
am, where “a” is the lattice spacing. Small masses in
turn require large lattice volumes, so we employ state-of-
the-art computing [23] to investigate the lightest masses
am ≥ 0.00125 and largest volumes up to 643×128 yet
to be reached by lattice studies of the 8-flavor theory.
Our results supersede the preliminary data reported in
Ref. [7]. More details of our analyses will be presented
in Ref. [24].
Lattice results: We investigate the spectrum in sev-
eral symmetry channels for a range of light input fermion
masses. The lightest non-singlet state is a pseudoscalar
meson (a ψψ state with quantum numbers 0−+), which
we denote as pi using the corresponding QCD language
for convenience. We measure both the mass Mpi and the
decay constant Fpi of this state, and we do the same for
the non-singlet vector (ρ) and axial-vector (a1) mesons.
We also investigate the singlet scalar 0++ meson, which
requires computing fermion-line-disconnected contribu-
tions that we determine using U(1) stochastic sources
with dilution [7, 24]. This disconnected calculation is cur-
rently too computationally expensive to be completed for
our largest 643×128 lattice volume. Finally we analyze
the ψψψ analog of the nucleon, which we call N .
In Fig. 1 we plot our 8-flavor spectrum results from
our largest lattice volume at each fermion mass, which
ranges from 243×48 for the heaviest am = 0.00889 to
643×128 for the lightest am = 0.00125. The M0++ points
are weighted averages of results from fits to two different
correlation functions: the dominant disconnected contri-
bution in isolation, and the full combination of connected
and disconnected contributions. The singlet scalar error
bars include systematic uncertainties from the choices of
fit ranges. These are much smaller for the other channels,
FIG. 2. The ratio of the vector mass to the pseudoscalar
mass vs. the input fermion mass am.
where we show only statistical uncertainties.
We argue that other systematic uncertainties are also
under control. We chose am to produce negligible finite-
volume artifacts on the accessible lattice volumes. Direct
comparisons of the spectrum on different lattice volumes
for fixed am ≥ 0.0075 suggest that such effects are at
most a few percent in our results. We have also inves-
tigated discretization artifacts for the improved nHYP-
smeared staggered lattice action [25] that we use, which
we find to be similarly small [24].
As in QCD, we find that the ratio Mρ/Mpi steadily
increases as the fermion mass decreases (Fig. 2), pro-
viding further indirect evidence that the 8-flavor theory
exhibits spontaneous chiral symmetry breaking. This
ratio also provides a measure of how light our fermion
masses are, which can be consistently compared between
different lattice studies. Whereas previous work explored
heavier mass regimes where the ratio Mρ/Mpi was smaller
(1 . Mρ/Mpi . 1.5 in Ref. [15], 1.5 . Mρ/Mpi . 1.8 in
Ref. [16] and 1.25 .Mρ/Mpi . 1.45 in Ref. [13]), here we
reach Mρ/Mpi ≈ 2.1.
Unlike QCD, the 8-flavor theory has a light singlet
scalar 0++ meson with a mass M0++ that is comparable
to Mpi in the regime we investigate. Also, M0++ is well
below both Mρ and 2Mpi in this regime, which greatly
simplifies the scalar spectrum analysis on the lattice: We
are able to resolve the singlet scalar 0++ using the single
interpolating operator ψψ, with no need to include ad-
ditional four-fermion operators or two-pseudoscalar scat-
tering states. Our results are notably different from QCD
where the lightest singlet scalar f0 is heavier than two
pions. Experimentally mf0 = 400–550 MeV [26], and in
lattice QCD calculations with larger-than-physical pion
masses this state remains as heavy as two pions and be-
comes heavier than Mρ [27].
Our decay constant results shown in Fig. 3 are also
noteworthy. The pseudoscalar decay constant Fpi is the
3FIG. 3. The pseudoscalar, vector and axial-vector decay
constants Fpi, Fρ and Fa1 vs. the input fermion mass am.
Only statistical uncertainties are shown, within which Fρ ≈
Fa1 throughout the range of masses we investigate.
FIG. 4. Ratios of the Nf = 8 hadron masses divided by the
pseudoscalar decay constant Fpi at each fermion mass am.
smallest [50], while the vector Fρ and axial-vector Fa1 are
approximately degenerate within statistical errors. Sim-
ilar behavior was reported in Refs. [13, 28], where it was
related to reductions in the electroweak S parameter.
In Fig. 4 we plot ratios of the hadron masses divided by
Fpi, observing that all the ratios are rather independent of
the fermion mass, although some changes appear at our
lightest mass where the vector meson is above the two-
pseudoscalar threshold. We find that Mρ/Fpi ≈ 8 and
MN/Fpi ≈ 11, similar to the physical QCD ratios. In
fact, Mρ/Fpi ≈ 8 appears to be a generic feature of many
strongly coupled gauge theories, both IR conformal and
chirally broken [8, 15, 29–31].
Let us now specialize to models in which we assign
chiral electroweak couplings to only ND = 1 pair of the
Nf = 8 fermions. This choice sets the physical value
FIG. 5. Comparing our 8-flavor M0++ and Mρ results with
those of the LatKMI Collaboration [4, 15, 38], using the same
reference scale
√
8t0. We plot these quantities vs. Mpi and
include a dashed line to highlight degeneracy with the pseu-
doscalar meson. A consistent trend is clearly visible, with the
light singlet scalar 0++ state following the pseudoscalar to the
smallest masses studied so far.
of F = 246 GeV/
√
ND, and is motivated to keep the
electroweak S parameter as close as possible to its small
experimental value [13, 28]. Translating our results into
physical units by identifying Fpi with the low-energy con-
stant F is strictly correct only in the chiral limit. We can-
not currently carry out a controlled chiral extrapolation,
in part because the effects of a light 0++ scalar on the
low-energy effective theory are not yet well understood
despite ongoing investigations [32–36]. If we assume that
the ratio Mρ/Fpi shown in Fig. 4 remains relatively insen-
sitive to the fermion masses then we would end up with a
vector meson mass around 2 TeV. Similar considerations
suggest that MN and Ma1 would be around 2.7 TeV.
On the other hand, the physical 0++ mass will depend
sensitively on how long this state continues to track the
pseudoscalar whose mass must vanish in the chiral limit.
At present we can estimate 0 .M0++ . 1 TeV, and this
mass could be reduced further by interactions with the
top quark in realistic models where the strong dynamics
we study is coupled to the standard model [37].
Comparison with previous work: Some aspects of
the Nf = 8 spectrum discussed above were observed in
earlier lattice studies using different discretizations and
heavier masses [4, 13, 15, 16]. In particular, the remark-
ably light singlet scalar 0++ Higgs candidate was first
reported by Ref. [4]. The increasing evidence [3–9] that
such behavior could be a fairly generic feature of near-
conformal strong dynamics is extremely interesting from
the phenomenological point of view.
In this context the behavior of M0++ in the chiral limit
is particularly important. As a step in this direction, in
Fig. 5 we compare our results for the light meson spec-
4FIG. 6. Left: Testing the first KSRF relation in Eq. (1) for Nf = 8 through lattice measurements of Fρ/Fpi. Right: The
second KSRF relation then provides an estimate for gρpipi ≈ Mρ/
(√
2Fpi
)
, which is within 10% of the physical QCD value
gρpipi ≈ 6 throughout the range of masses we investigate.
trum with those of the LatKMI Collaboration [4, 15, 38].
To enable consistent comparisons between independent
studies that employ different lattice actions, we plot all
quantities in terms of a standard Wilson flow reference
scale
√
8t0 introduced in Ref. [39]. This figure demon-
strates that our work accesses significantly lighter masses.
At the same time, the clear consistency between the two
sets of results confirms that discretization artifacts are
under control. As discussed above, both studies find
M0++ ≈ Mpi  Mρ, and it remains an open question
how light the scalar will become in the chiral limit where
Mpi → 0. In the absence of non-perturbative lattice cal-
culations it would have been difficult to anticipate this
dramatic dynamical effect.
The vector meson: We now study more properties
of the vector resonance to further relate our numerical
work to phenomenological models of new strong dynam-
ics. The production rate of the vector meson at col-
liders is determined by its couplings to standard model
fermions, which are in turn related to the decay con-
stant Fρ. On the other hand, the resonance’s decay rate
is dominated by its coupling to the longitudinal compo-
nents of the electroweak gauge bosons, assuming that the
N2f − 4 = 60 uneaten pseudo-Nambu–Goldstone bosons
are heavy enough that their effect is negligible. The re-
sulting decay width Γρ of the vector resonance therefore
depends on the ρ→ pipi coupling gρpipi of the new strong
dynamics.
We estimate gρpipi invoking the Kawarabayashi–
Suzuki–Riazuddin–Fayyazuddin (KSRF) relations [40,
41]
Fρ =
√
2Fpi gρpipi =
Mρ√
2Fpi
, (1)
in a manner similar to what has been done in lattice
QCD studies such as Ref. [42]. These relations result
from fairly simple assumptions (principally current al-
gebra and some form of vector meson dominance [43]),
and arise rather generically in models of hidden local
symmetries [44] and in chiral effective theories for spin-
1 mesons [45]. We assess their applicability to Nf = 8
through our direct measurements of Fρ and Fpi.
In the left panel of Fig. 6 we plot our lattice results for
Fρ/Fpi, finding agreement with the first KSRF relation in
Eq. (1) to within 8% throughout the range of masses we
investigate. This justifies using the second KSRF relation
to estimate gρpipi ≈ Mρ/
(√
2Fpi
)
. When we plot this
quantity in the right panel of Fig. 6, we observe that it
is within 10% of the QCD value gρpipi ≈ 6. Since we have
already seen that the 8-flavor Mρ/Fpi ≈ 8 is similar to
the QCD value and rather independent of the fermion
mass, this behavior is not too surprising.
The physical decay width of the vector resonance can
now be estimated as
Γρ ≈
g2ρpipiMρ
48pi
≈ M
3
ρ
96piF 2pi
. (2)
Here we neglect the small electroweak gauge boson
masses compared to the vector resonance mass. With
Mρ ' 2 TeV, this expression leads to Γρ ' 450 GeV.
The corresponding Γρ/Mρ ' 0.22 for Nf = 8 is also sim-
ilar to the QCD value, 0.19 [26]. This relatively broad
width may make such a vector resonance challenging to
discover at the LHC [46].
It is significant that we are able to measure Fρ and
estimate gρpipi and Γρ using lattice calculations and the
KSRF relations. These quantities are needed for phe-
nomenological predictions of vector meson production
and decay rates at colliders in models of new strong dy-
namics such as those considered by Refs. [47, 48]. In
particular, Ref. [47] needs to treat Fρ and gρpipi as tun-
able parameters. Our new non-perturbative results for
these quantities may be used to improve this aspect of
strongly interacting model building in the future.
5Conclusions: Theories with near-conformal strong
dynamics can provide a phenomenologically viable Higgs
candidate and can be investigated on the lattice.
Through lattice studies of a representative system,
strongly interacting 8-flavor SU(3) gauge theory, we have
shown the dynamical generation of a light singlet scalar
0++ state that is roughly degenerate with the pseu-
doscalar down to the lightest masses that have yet been
considered. This behavior contrasts with QCD and leaves
open the possibility that this 0++ could provide the
125 GeV Higgs boson in full phenomenological models
based on near-conformal strong dynamics.
In addition we investigated heavier states of the 8-
flavor theory and estimated physical resonance masses in
the energy range currently being explored at the LHC.
These predictions resulted from ratios such as Mρ/Fpi,
which can be curiously similar to their counterparts in
QCD and show only mild dependence on the fermion
mass throughout the regime we can access using state-
of-the-art computing. In addition to the Mρ ' 2 TeV
vector meson, a plethora of scalar, pseudoscalar and 2++
glueball resonances also exist, some of which may be light
enough to explain tentative excesses observed experimen-
tally [21, 22].
We also studied other properties of the vector reso-
nance, including its decay constant Fρ and the gρpipi cou-
pling, which are often needed by phenomenological mod-
els of new strong dynamics. In addition to observing
Fρ ≈ Fa1 , we found that our lattice results for Fρ and Fpi
satisfy the first KSRF relation. This motivated us to use
the second KSRF relation to estimate gρpipi, which we also
found to be similar to its QCD counterpart. Our lattice
results and the KSRF relations finally produce an esti-
mated vector width of Γρ ' 450 GeV, a relatively large
value that may be challenging to resolve at the LHC.
We expect a renewed interest in new strong dynam-
ics beyond the standard model, and we have highlighted
some of the results that can now be obtained from nu-
merical lattice calculations. The results reported here are
a significant step towards a more complete understand-
ing of near-conformal strongly coupled theories, which
can help guide model building in the search for new reso-
nances. To establish further connections between lattice
studies and phenomenology we plan to investigate the
scattering of the light 0++ scalar and the pseudoscalar,
which will provide non-perturbative information about
the relevant low-energy effective theory [32–36].
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